Xlr6 is a novel but uncharacterized X-linked gene that is upregulated in meiotic prophase I during mouse spermatogenesis. Xlr6 belongs to the Xlr gene family, which includes a component of the axial/lateral element of the synaptonemal complex, Sycp3, and its transcripts are abundant in the fetal ovary and adult testis. Immunostaining and Western blot analysis demonstrate a diffuse localization pattern for this protein in the nucleus and an association with chromatin during the leptotene and zygotene stages. In males, XLR6 accumulates at the XY body of early pachytene to midpachytene spermatocytes, although the Xlr6 gene is subjected to meiotic sex chromosome inactivation. During the late pachytene and diplotene stages, the XLR6 protein relocalizes from the XY body to the nucleolus and, eventually, disappears by diakinesis. In females, XLR6 disappears at the pachytene stage, whereas it accumulates at the unpaired chromosomes occasionally observed in wild-type female mice. Although the amino acid sequence of XLR6 has a high similarity with SYCP3, its distinct localization pattern and dynamism suggest a unique chromatin modification function that leads to the transcriptional repression of ribosomal DNA in addition to sex chromosome genes. g a m e t o g e n e s i s , m e i o s i s , n u c l e o l u s , s p e r m a t o c y t e , spermatogenesis
INTRODUCTION
Chromosomes undergo sequential structural changes during meiosis. Most notably, synapsis and meiotic recombination between homologous chromosomes occur during prophase in the first meiotic division. These meiosis-specific events are required for the crossover events that promote genetic diversity and to ensure segregation of the homologous chromosomes to the progeny. These processes are governed by proteins that are developmentally expressed at each stage of meiosis I, but the precise underlying mechanisms have not been fully elucidated.
SYCP3 is an essential component of the synaptonemal complex, which is a proteinaceous structure formed between paired homologous chromosomes during prophase of the first meiotic division [1, 2] . Mice that are deficient in SYCP3 fail to establish synapsis, resulting in meiotic arrest during spermatogenesis in males and chromosome segregation errors leading to aneuploid oocytes in females [3, 4] . Likewise, mutations in SYCP3 identified in human have been suggested as the cause of azoospermia in males and recurrent pregnancy loss in females [5, 6] . SYCP3 is related to the Xlr (X-chromosome linked, lymphocyte regulated) gene family, within which the member genes are predominantly rodent and, in mice, include 50-75 copies per haploid genome [7] [8] [9] . Although most members of the Xlr family are predicted pseudogenes, some are known to be expressed in various tissues, such as Xlr in lymphocytes and fetal oocytes [7, 8, 10] , Slx/Xmr and Sly in testis [11] [12] [13] , and Xlr3a and Xlr3b in lymphocytes, testis, and brain [14] [15] [16] . However, the functions of these genes are still under investigation. The Xlr gene family proteins, in addition to SYCP3, contain a conserved Cor1 domain that is predicted to form coiled-coil structures, the function of which is still unclear.
We previously screened genes involved in prophase of the first meiotic division by microarray analyses using fractionated meiotic cells from the mouse testis [17] . We thereby identified 726 genes, MLZ-1 to MLZ-726 (expressed in male leptotene and zygotene spermatocytes), that are upregulated in leptotene/zygotene spermatocytes relative to spermatogonia. Among this cohort, MLZ-616 was one of the novel uncharacterized genes found to harbor a Cor1 domain. This gene, having a similarity to the Xlr gene family, was named Xlr6. The Xlr6 gene is X linked and shows high similarity to SYCP3 at the amino acid sequence level. In our present study, we examined the mRNA expression and protein localization of XLR6 in further detail.
MATERIALS AND METHODS

Sequence Analysis
A BLAST search was performed using the Xlr6 cDNA (AK005953) as the query sequence against the National Center Biotechnology Information mouse genome database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Similarities between the amino acid sequences of XLR6 (XP_135430) and the XLR family members SYCP3 (NP_035647), XLR (NP_035855) [7] , SLY (NP_963288) [13] and SLX/XMR (NP_033555) [12] were determined using ClustalW alignments.
Microarray Data
Microarray data for Xlr6 and Sycp3 have been published previously (GSE19532 in the Gene Expression Omnibus database) and were analyzed as described [17] .
RT-PCR and In Situ Hybridization
All animal experiments were approved by the Animal Care and Use Committee at Fujita Health University. The ddY mice were obtained from Japan SLC. Total RNA was extracted from fetal gonads (15.5 days postcoitum), adult tissues (age, 10 wk), and testes at different developmental times during the first spermatogenic wave. First-strand cDNA synthesis, semiquantitative RT-PCR, and in situ hybridizations were performed as [17] . Real-time RT-PCR assays were performed using the 7300 Real-Time PCR System (Applied Biosystems) with a SYBR Premix Ex Taq 2 kit (TaKaRa) and the following cycling conditions: 958C for 30 sec, followed by 40 cycles of 958C for 5 sec and 608C for 31 sec. The sequences of the forward and reverse primers used in the RT-PCR assays were as follows:
Generation of Antibodies
Rabbit polyclonal anti-XLR6 antibodies were raised against amino acid residues 1-17 of XLR6. The resulting antiserum was affinity purified on columns coupled to the peptide. Guinea pig anti-mouse SYCP3 antiserum was raised against amino acid residues 35-53 of mouse SYCP3.
Expression in Escherichia coli and COS-7 Cells
The entire coding region of Xlr6 was obtained by RT-PCR using the primer pair 5 0 -ATGTTTCCCCGTGGAAGAAG-3 0 and 5 0 -TCAAAAGAGCGTA GACTCCTC-3 0 . The cDNA was amplified by PCR primers equipped with appropriate restriction sites and cloned into the Escherichia coli expression vector pET9 (Novagen). Recombinant proteins were then expressed in E. coli Rosetta DE3 pLysS competent cells (Novagen). Similarly, Xlr6 cDNA was cloned into the mammalian expression vectors pFLAG-CMV-2 (Sigma) and pcDNA3.1/myc-His (Invitrogen) and transfected into COS-7 cells. At 48 h posttransfection, the protein lysates were prepared for Western blot analysis or fixed with acetone/methanol (1:1, v/v) for 10 min at room temperature for immunofluorescence analysis. These Western blot and immunofluorescence signals were detected with the antibodies described below.
Western Blot Analysis
Whole testes of mice at 8 days postpartum (dpp; day of birth is 0 dpp), 12 dpp, 15 dpp, 18 dpp, 21 dpp, 4 wk, and 7 wk were homogenized in PBS. Cytoplasmic and nuclear fractions with or without nuclease digestion were prepared using Nuclear Complex Co-IP Kit (Active Motif). The lysates and recombinant proteins expressed in E. coli and COS-7 were analyzed by SDS-PAGE followed by Western blot analysis. The following primary antibodies were used at the indicated dilutions: rabbit anti-XLR6 antibody (1:10 000), rabbit anti-myc antibody (1:2000; A-14; Santa Cruz Biotechnology), mouse anti-cH2AFX antibody (1:50 000; Upstate), mouse anti-ACTB antibody (1:50 000; Sigma), guinea pig anti-SYCP3 antiserum (1:100 000). Horseradish peroxidase-conjugated anti-rabbit immunoglobulin (Ig) G and anti-mouse IgG (both from Pierce) or anti-guinea pig IgG (Jackson ImmunoResearch) were used as secondary antibodies. Bands were visualized using the SuperSignal West Femto Maximum Sensitivity Substrate (Pierce) and the CCD camera from a Light Capture system (Atto). The density of each band was measured using ImageJ software (http://rsb.info.nih.gov/ij).
Immunofluorescence
Chromosome spreads from spermatocytes and oocytes were prepared using a dry-down technique [18] . Paraffin sections were obtained from adult mouse testis fixed with 4% paraformaldehyde in PBS for overnight at 48C. Slides were incubated with blocking buffer (5% normal donkey serum and 5% normal goat serum in PBS) for 30 min at room temperature. Primary antibodies or antiserum were diluted in PBS and incubated at 48C overnight at the following dilutions: rabbit anti-XLR6 (1:1000), guinea pig anti-SYCP3 antiserum (1:10 000), mouse anti-cH2AFX (1:10 000; Upstate), guinea pig anti-HIST1H1T (1:500; provided by M.A. Handel, The Jackson Laboratory), and mouse anti-cyclin B (1:200; clone 18; BD Transduction Laboratories). After staining, slides were washed in PBS three times for 15 min each time. The secondary antibodies used for detection by fluorescence microscopy were Alexa Fluor 488-or Alexa Fluor 594-conjugated donkey anti-rabbit IgG, Alexa Fluor 594-conjugated goat anti-guinea pig IgG, Alexa Fluor 488-or Alexa Fluor 594-conjugated donkey anti-mouse IgG (all from Molecular Probes), or aminomethylcoumarin acetate-conjugated donkey anti-mouse or anti-guinea pig IgG (Jackson ImmunoResearch), diluted in PBS, and incubated at room temperature for 30 min. After washing three times in PBS, slides were mounted in 10% (w/v) Mowiol (polyvinyl alcohol; SigmaAldrich) and 2.5% (w/v) DABCO (1,4-diazabicyclo-(2.2.2)octane; SigmaAldrich) with or without DAPI (4 0 ,6 0 -diamidino-2-phenylindole; Sigma-Aldrich; 0.5 lg/ml) and observed under a fluorescence microscope (Axio Imager M1; Carl Zeiss). Images were processed using Adobe PhotoShop software.
RESULTS
The Amino Acid Sequence of XLR6 Has Similarities with that of SYCP3
Also known as the RIKEN cDNA 1700013H16Rik gene, Xlr6 encodes a 291-amino-acid protein including a Cor1 domain within its C-terminal half. We performed a BLAST search using the cDNA of Xlr6 as the query sequence and found that Xlr6 was distinct from other known Xlr family genes (data not shown). The amino acid sequences of XLR6 and other XLR family proteins were then compared (Fig. 1A) . The Cor1 domains of XLR6 and SYCP3 share a 49% identity. XLR6 also has a higher similarity with SYCP3 than with other XLR family proteins within the regions that are N-terminal and C-terminal to the Cor1 domain.
Xlr6 Expression in the Mouse Is Upregulated in Meiotic Prophase I in Both Sexes
In a reevaluation of our previous microarray data [17] , Xlr6 expression was found to be upregulated in leptotene/zygotene mouse spermatocytes (Fig. 1B) . By semiquantitative RT-PCR and real-time RT-PCR analyses using primers specific to Xlr6 and with no homology to any other Xlr family sequences, Xlr6 exhibited abundant expression in fetal ovaries and adult testes but no expression in fetal testes, adult ovaries, or somatic tissues (Fig. 1C) . During early spermatogenesis, low levels of Xlr6 expression in the testes are initiated before meiosis (8 dpp in Fig. 1D ). In the course of the first spermatogenic wave, this expression is gradually increased and exhibits high levels when the spermatocytes enter the pachytene and diplotene stages (15 and 18 dpp, respectively) in a manner similar to that of Sycp3, but expression is decreased by 21 dpp, when the spermatocytes enter the postmeiotic stage. In 4-wk-old testes, the expression of Xlr6 is increased again, which may reflect the expression driven by the spermatocytes in the second wave (Fig. 1D) . These data were derived not only from a specific germ cell type but also from a mixture of the somatic cells and germ cells at earlier stages. Regarding the expression in spermatocytes, the expression of Xlr6 in fractionated pachytene spermatocytes was lower than that in spermatogonia and leptotene/zygotene spermatocytes in our microarray data (Fig. 1B) . Because Xlr6 is an X-linked gene, this likely results from meiotic sex chromosome inactivation (MSCI) [19] .
To further investigate the expression of Xlr6 during spermatogenesis, in situ hybridization analyses of adult mouse testes were performed. Xlr6 transcripts were detected in spermatogonia and spermatocytes but not in spermatids (Fig.  1E ). This indicates that this gene is downregulated after meiotic division, consistent with the results of the RT-PCR analysis of the first wave.
XLR6 Is a Chromatin-Associated Protein
To further characterize the XLR6 protein, we raised antibodies by immunizing a rabbit with peptides corresponding to its N-terminal region, because it has no similarity to any other Xlr family-encoded proteins. We subsequently performed Western blot analysis to confirm the specificity of the antibody (Fig. 2A) . The molecular weight deduced from the amino acid sequence of XLR6 is approximately 36.6 kDa. The detection of myc-tagged XLR6 recombinant protein in COS-7 cells with this antibody was reasonably consistent with this size, although the band has a slightly higher molecular weight than predicted. This difference was not caused by the epitope tag, because COS-7-expressed recombinant protein without myc migrated at a similar position. Posttranslational modification also is unlikely to explain 166 the discrepancy, because a recombinant protein without an myctag expressed in E. coli migrated at the same position. The amino acid composition may thus have affected the SDS-PAGE mobility. Whole-testis lysates from adult mice also showed a single band with a size similar to that of the recombinant protein.
Because anti-XLR6 antibodies raised in two different rabbits exhibited similar results (data not shown), we concluded that this antibody faithfully detects the endogenous XLR6 protein.
Western blot analysis of mouse testes undergoing the first wave of spermatogenesis showed weak expression of XLR6 at 8 dpp and higher expression from 12 to 18 dpp (Fig. 2B) . This is consistent with the mRNA expression pattern for the Xlr6 gene that was low in spermatogonia but higher in spermatocytes. The XLR6 protein level was then found to decrease at 21 dpp and at 4 wk (Fig. 2B) . To determine the cellular localization of XLR6, cytoplasmic and nuclear fractions from adult testes (7 wk) with or without nuclease treatment were analyzed. The protein was detected mainly in the nuclear fractions, both soluble and insoluble (Fig. 2C) , whereas it was detected only in the insoluble fraction when it was extracted under no-salt conditions (data not shown). Nuclease treatments completely solubilized the nuclear XLR6 protein, suggesting its association with chromatin (Fig. 2C) . Similar results were obtained for the 9-dpp testis that contains only spermatogonia and leptotene spermatocytes (data not shown). These results indicate that XLR6 begins its association with chromatin at the leptotene or earlier stage. This cellular localization profile is different from that of SYCP3, which is insoluble following nuclease treatment despite its similarity to XLR6 at the amino acid level (Fig. 2C) .
XLR6 Is Associated with the XY Body in Pachytene Spermatocytes
We next analyzed meiotic nuclear spreads by immunofluorescence microscopy ( Fig. 3A) and found that XLR6 is diffusely, but not uniformly, distributed throughout the nuclei at the leptotene and zygotene stages in both spermatocytes and   FIG. 1. A) Schematic representation of XLR6 and the indicated XLR family proteins. The percentage sequence identity at the amino acid level between the Cor1 domain (gray boxes) and the N-terminal and Cterminal regions (white boxes) of these proteins is indicated. B) Xlr6 and Sycp3 expression in fractionated spermatogenic cells as previously analyzed by Kogo et al. [17] using microarray analysis. These expression data were analyzed using GeneSpring software as described previously [17] , and the normalized signal intensities are shown. L/Z, leptotene/zygotene spermatocytes; P, pachytene spermatocytes; Sg, spermatogonia. C and D) RT-PCR analysis of 
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oocytes. These data are consistent with the nuclear chromatin localization pattern that was suggested by the Western blot results. The XY body is a specialized chromatin region formed by male sex chromosomes that are largely unsynapsed except for the pseudoautosomal region at the pachytene stage, when autosomes complete synapsis [20, 21] . A marker of the XY body, cH2AFX is associated with the sites of double-strand breaks in meiotic DNA during the leptotene to zygotene stages. As synapsis progresses, cH2AFX domains disappear from the autosomes but become concentrated in the unsynapsed sex chromatin [22] . In the male mouse, strong XLR6 signals were observed at the XY body in pachytene spermatocytes, whereas these signals within the autosomal chromatin regions had disappeared. In clear contrast, XLR6 expression had completely ceased in pachytene-stage oocytes. Interestingly, XLR6 signals were observed at the unpaired chromosomes occasionally found in the pachytene oocytes with pairing failure (Fig.  3B) . XLR6 continued to be associated with the XY body in diplotene spermatocytes but had disappeared by diakinesis in accordance with the disappearance of the XY body. No signals were detected using preimmune serum (Supplemental Fig. S1 , available online at www.biolreprod.org). These localization patterns also differed from those of SYCP3, which is a marker of the meiotic chromosomal axes during the leptotene to the diplotene stages.
XLR6 Relocalizes to the Nucleolus in Late Meiotic Prophase I
To investigate the developmentally regulated localization of XLR6 during spermatogenesis in more detail, sections of mouse adult testes were immunolabeled with anti-XLR6, anti-cH2AFX, and anti-HIST1H1T antibodies. HIST1H1T is a marker of midpachytene spermatocytes, and its expression persists to the spermatids [23] . XLR6 was found to be expressed mainly in spermatogonia and spermatocytes and to have disappeared in round spermatids, consistent with the results of RT-PCR and in situ hybridization (Fig. 4A) . XLR6 was first detectable in the nuclei of type B spermatogonia. At the early pachytene and midpachytene stages, XLR6 signals were found to mostly colocalize with those of cH2AFX. This indicated that XLR6 accumulates in the XY body, which is detectable in the peripheral region of the nucleus (Fig. 4A) . Interestingly, during the late pachytene stage, the XLR6 signals did not overlap with those of cH2AFX. Instead, XLR6 was found to have concentrated in a distinct nuclear compartment at the center side of the cH2AFX-stained XY body but could still be observed at the nuclear periphery (Fig. 4A) . At the late diplotene stage, the XLR6 signals were separate from those of the XY body and appeared at the center of the nuclei (Fig. 4B) . We further found by differential interference contrast (DIC) microscopy that the location of the XLR6 signals corresponded to nucleoli (Fig. 4B) , suggesting that XLR6 relocalizes from the XY body to the nucleolus during the late pachytene and diplotene stages.
We next examined the nucleolar localization of XLR6 when ectopically expressed in somatic cells, because some proteins involved in the regulation of the mitotic cell cycle are sequestered in this compartment in a cell cycle progression-dependent manner (for review, see [24] ). XLR6 was expressed in COS-7 cells and immunolabeled with The antibodies used are indicated on the left. SYCP3 was used as a control for spermatocytes. Band intensities relative to ACTB are shown in the graph. C) Cytoplasmic and nuclear fractions from mouse adult testes treated with nuclease. cH2AFX is a nuclear control, and SYCP3 is a control for the pellet of the nuclear fraction (Np). C, cytoplasmic fraction; Ns, supernatant of the nuclear fraction; WCE, whole-cell extract.
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antibodies against XLR6 and cyclin B, a marker of cell cycle progression [25] . The XLR6 exogenously expressed in COS-7 cells showed weak cytoplasmic and strong nuclear signals throughout the cell cycle. However, these signals were absent from the nucleoli in all stages of the cell cycle (Fig.  4C) .
DISCUSSION
In our present study, we examined the expression of a novel member of the Xlr gene family, Xlr6, which was found to be expressed during prophase in meiosis I. Despite the presence of a Cor1 domain, SYCP3 and XLR localize to the nucleus [2, 
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26], whereas SLX/XMR is a cytoplasmic protein [12] . The higher similarity between the Cor1 domains of XLR6 and SYCP3 compared with that of SLX/XMR may underlie these differences in cellular localization. It is thus not unreasonable to speculate that differences in the fine nuclear localization between XLR6 and SYCP3 may be defined by the differences in other regions of these proteins. In contrast to SYCP3, which is well conserved in mammals, orthologs of XLR6 in other species have hitherto been found only in rat. Interestingly however, Xlr family-related sequences other than SYCP3 have not been found in the human genome. Because rodents have meiotic segregation error rates that are an order of magnitude lower than those observed in humans, it is conceivable that the evolutionary retention of XLR6 has had beneficial effects upon rodent meiosis.
Western blot analysis of the testis nuclear fraction revealed an association between XLR6 and chromatin. Together with the immunofluorescent analysis of chromosomal spreads, these data suggest that XLR6 might be involved in the modification of a chromatin loop that is necessary for the dynamic reconfiguration of meiotic chromosomes. In addition, the localization of XLR6 to the XY body in spermatocytes and unpaired chromosomes in oocytes at pachytene suggests its involvement in meiotic silencing of unsynapsed chromatin (MSUC) [27] . MSCI, a manifestation of MSUC, is the most well-characterized cellular process within the XY body [19] in which XLR6 might have some role in line with other proteins, such as BRCA1, ATR, and cH2AFX [28] . Interestingly, our data further suggest that the Xlr6 gene itself is also subject to MSCI. This is an extremely novel occurrence, because this gene is located on the X chromosome. Few meiotic genes are found on the sex chromosomes, let alone any that are potentially involved in MSCI. It has been reported previously that SLY (Sycp3-like Y-linked), which is also a member of the XLR family, is essential for postmeiotic sex chromatin repression despite the fact that the Sly gene is located on the Y chromosome [29] . It is conceivable that XLR6 protein may be produced before the pachytene stage or that its mRNA that has been transcribed before the onset of the pachytene stage may be translated during this stage.
The dynamic relocalization of XLR6 from the XY body to the nucleolus is an intriguing observation. To our knowledge, only one other Xlr family protein has been shown to relocate from the XY body to nucleolus [30, 31] . This protein may be XLR itself or another member of the Xlr family, but based on earlier Western blot analysis, it is not XLR6 [12] . In mouse spermatocytes, the nucleolus, including the rDNA regions, becomes associated with the XY body when it is attached to the nuclear envelope at the midpachytene stage [32] . At the late pachytene stage, the nucleolus is located at the nucleoplasmic side of the XY body [32] . In this context, the XLR6 signals detected in the testis during the late pachytene stage might also indicate a nucleolar localization of this protein, as was observed in diplotene spermatocytes by DIC microscopy. Nucleolar RNA synthesis is inactivated during the late pachytene stage [33] and is quite analogous to MSCI. Hence, it may be possible that XLR6 functions to inactivate the transcription of autosomal rRNA genes in addition to sex chromosomal genes at the late pachytene stage.
We also observed that XLR6 does not localize at the nucleolus in COS-7 cells. This implicates its involvement in the spermatocyte-specific nature of the nucleolus. At the diplotene stage, the three nucleolar components (fibrillar centers, dense fibrillar components, and granular components) are segregated, and this is associated with the inactivation of rRNA transcription [32, 33] . Such nucleolar segregation is observed under either physiological conditions or is induced by actinomycin D treatment, accompanied by the arrest of rRNA transcription in somatic cells (for review, see [34] ). Following the inactivation of rDNA genes, XLR6 may thus continue to be associated with the molecules involved in transcription and sequester these factors into the segregated nucleolus. Although the exact role of the segregated nucleolus in the diplotene stage remains unknown, the function of XLR6 within the context of the XY body-associated nucleolus warrants further investigation. 
